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Introduction {#sec1}
============

Aberrantly glycosylated mucin 1 (MUC1) is an important tumor-associated antigen of epithelial cells, mainly due to its overexpression on the tumor cell surface together with the formation of truncated glycans and exposed peptide epitopes ([@bib39]). Therefore, the MUC1 glycoprotein constitutes a promising target ([@bib2], [@bib3], [@bib5], [@bib11], [@bib52]) for tumor immunotherapies using a vaccination or chimeric antigen receptor T cell (CAR T) strategy. However, because most tumor-associated antigens act as autoantigens, which are tolerated by the immune system and unable to elicit potent immune responses, many antitumor vaccines have encountered difficulties in clinical trials ([@bib55], [@bib56]). Therefore, it is highly necessary to develop a new strategy for antitumor vaccines to promote potent immunity to overcome the poor antigenicity of tumor-associated antigens and kill tumor cells ([@bib21], [@bib29], [@bib42], [@bib49]).

In cancer vaccine research, tremendous efforts have been made to improve the immunogenicity of tumor-associated antigens. In fully synthetic anticancer vaccines, such as two-component anticancer vaccines ([Scheme 1](#sch1){ref-type="fig"}A) ([@bib9], [@bib30], [@bib32], [@bib37], [@bib57], [@bib61], [@bib60], [@bib63], [@bib68]), three-component anticancer vaccines with Th epitopes ([Scheme 1](#sch1){ref-type="fig"}B) ([@bib1], [@bib8], [@bib31], [@bib62], [@bib65]), and multicomponent anticancer vaccines with CD4+ T helper cell (Th) and CD8+ T cytotoxic/killer cell (Tc) epitopes ([Scheme 1](#sch1){ref-type="fig"}C) ([@bib47], [@bib48]), built-in adjuvants have been proven to efficiently stimulate the immune system to recognize tumor-associated antigens and induce increased levels of antibodies against B epitopes. The generally utilized built-in adjuvants include Pam~3~CSK~4~ (TLR1/2 lipopeptide ligand) ([@bib1], [@bib9], [@bib8], [@bib30], [@bib31], [@bib32], [@bib57], [@bib63], [@bib62]), monophosphoryl lipid A (MPLA; TLR4 agonist) ([@bib61]), CpG-ODN 1826(TLR9 agonist) ([@bib1]), αGalCer (NKT cell agonist) ([@bib68]), etc. Results have indicated that immune responses against tumor-associated antigens might increase gradually as the number of vaccine components increases, but the difficulty of synthesis is also raised. Previously, we reported that fully synthetic vaccines with a built-in or mixed NKT cell agonist acted as a potent adjuvant simplified vaccine construction and achieved antibody class switching from IgM to IgG ([@bib12], [@bib17], [@bib38], [@bib68]). Alternatively, in semisynthetic anticancer vaccines ([Scheme 1](#sch1){ref-type="fig"}D), tumor-associated antigens are usually conjugated to different carriers, including BSA ([@bib7], [@bib18], [@bib27]), diphtheria toxoid cross-reactive material (CRM) 197 (DT) ([@bib36]), tetanus toxoid (TTox) ([@bib28], [@bib44], [@bib54]), keyhole limpet hemocyanin (KLH) ([@bib67], [@bib71]), and virus-like particles (VLPs) ([@bib66], [@bib69]), then these conjugates are mixed with adjuvants. Because the multiple Th and Tc epitopes of carrier proteins can synergistically activate immunity, semisynthetic anticancer vaccines generally produce improved immune responses. However, it is still a major challenge to develop potent anticancer immunotherapies.Scheme 1The Cancer Vaccines Comprising Built-in or Mixed Adjuvants.(A) Two-component vaccines; (B) three-component vaccines with Th epitopes; (C) multicomponent vaccines with Th and Tc epitopes; (D and E) traditional semisynthetic vaccines with mixed adjuvants.

To address the challenge of antitumor vaccines, we present a novel strategy using three-in-one protein conjugates ([Scheme 1](#sch1){ref-type="fig"}E) with built-in adjuvants on carrier proteins that exploit the advantages of both fully synthetic vaccines and semisynthetic vaccines. In this strategy, the multiple built-in adjuvants have enhanced activity due to their cluster effect, prevent adjuvant\'s systemic toxicity, and the adjuvant\'s codelivery with antigens to the lymph nodes for immune stimulation is guaranteed. Additionally, the carrier proteins also contain various Tc and Th epitopes to elicit synergistic immune help for T-cell-dependent B epitopes.

Toll-like receptors (TLRs) are highly conserved cellular receptors that recognize unique molecular cell wall and nucleic acid components of invading pathogens and have the potential to regulate the activation of antigen-presenting cells, subsequently strengthening the signaling of costimulatory molecules and the secretion of many cytokines ([@bib16]). In particular, TLR7 mediate recognition of purine-rich ssRNA in the endosome to elicit immune responses to the recognized pathogens; numerous studies have demonstrated that conjugation of small molecular TLR7 agonists (TLR7a) to various polymers ([@bib10], [@bib20], [@bib35], [@bib41], [@bib40], [@bib51], [@bib58], [@bib70]) or proteins ([@bib15], [@bib19], [@bib23], [@bib22], [@bib24], [@bib45], [@bib64]) can facilitate trafficking to the lymph nodes, enhance immunostimulatory activities, and decrease sideeffects due to the clustered arrangement of TLR7a adjuvants conjugated on carriers.

Therefore, we employed the strategy of a self-adjuvanting three-in-one protein conjugate for an antitumor vaccine for the first time and synthesized the vaccine conjugate TLR7a-BSA-MUC1 (adjuvant-protein-antigen), in which several small-molecule TLR7a ([@bib15], [@bib23], [@bib22]) were conjugated to the carrier protein BSA, the tumor-associated MUC1 antigens ([@bib4], [@bib14]) served as B epitopes, and their PDTRP motifs contained Tn antigens ([@bib6], [@bib17], [@bib33]). The immunological results revealed that the TLR7a-BSA-MUC1 vaccine triggered a robust response with production of antibodies targeting MUC1 antigens and exhibiting strong binding to MCF-7 cancer cells and B16-MUC1 cells expressing MUC1 antigens.

Results and Discussion {#sec2}
======================

Preparation of Vaccine Components {#sec2.1}
---------------------------------

The synthesis of TLR7a-BSA conjugate and three-in-one protein conjugate TLR7a-BSA-MUC1 is shown in [Scheme 2](#sch2){ref-type="fig"}. The small-molecule TLR7a was converted to active ester TLR7a-NHS ([@bib24]), which reacted with the protein to form conjugates. The MUC1 antigen (sequence, GVTSAPDTRPAPG) containing a Tn antigen in the PDTRP motif was synthesized and conjugated to BSA through the squaric acid diethyl ester method ([@bib7], [@bib17], [@bib18]). Next, a TLR7a was covalently attached to the carrier protein of the MUC1-BSA conjugate. MALDI-TOF MS indicated that there was an average of 6--7 TLR7a and 9--11 MUC1 glycopeptides covalently linked to BSA.Scheme 2Synthesis of Vaccine Components(A) Synthesis of TLR7a-BSA; (B) synthesis of TLR7a-BSA-MUC1 from MUC1 glycopeptide squaric acid monoamide and Fmoc-SPPS.

To evaluate immune responses induced by the TLR7a-BSA-MUC1 vaccine *in vivo*, a group of mice (n = 5) was intraperitoneally injected with TLR7a-BSA-MUC1 (dose of 21 μg of MUC1 peptide) on days 1, 15, and 29 ([Scheme S8](#mmc1){ref-type="supplementary-material"}) ([@bib12], [@bib17]). To decipher the essentiality of the various components of the vaccine, control groups of mice were injected with BSA-MUC1, TLR7a-BSA and MUC1, TLR7a and BSA-MUC1, MPLA and BSA-MUC1, Pam~3~CSK~4~ and BSA-MUC1, alum (an adjuvant approved for human applications) and BSA-MUC1, with the same dose of MUC1 and optimized doses of the adjuvants ([Table S1](#mmc1){ref-type="supplementary-material"}).

Evaluation of Cytokine Levels {#sec2.2}
-----------------------------

To investigate whether the covalent attachment of three components affected immune activation, the differences in the production of the Th1-type cytokine interferon-γ (IFN-γ) and Th2- and Th17-type pro-inflammatory cytokine interleukin 6 (IL-6) were evaluated ([Figures 1](#fig1){ref-type="fig"} and [S1](#mmc1){ref-type="supplementary-material"}) ([@bib12], [@bib17]). Mice immunized with the protein conjugates with built-in adjuvant (TLR7a-BSA and MUC1 or TLR7a-BSA-MUC1) showed significantly increased release of IFN-γ and IL-6, exhibiting four- to ten-fold higher cytokine levels than mice treated with a vaccine with mixed TLR7a adjuvants (TLR7a and BSA-MUC1) or without adjuvant.Figure 1Cytokine Quantification of Mouse IFN-γ and IL-6The secretion of the cytokines IFN-γ (A) and IL-6 (B) was measured in serum samples from vaccinated mice at 2 h after the first immunization. Differences were determined by ANOVA using Tukey\'s HSD test. Asterisks represent statistically significant differences (∗∗∗∗p \< 0.0001, ∗∗p \< 0.01), and ns indicates no significant difference compared with the PBS group. Data are shown as the mean ± SEM of five mice and are representative of three separate experiments.

The ability to generate high levels of cytokines was mainly contributed by covalent conjugation of several copies of TLR7a on one carrier protein to achieve cluster effect, and facilitated draining of the adjuvant TLR7a together with the carrier protein to the lymph nodes, uptake and processing by the same one antigen-presenting cell (APC) ([@bib23], [@bib22], [@bib24], [@bib64]). In addition, protein conjugates can prevent the small molecular TLR7a to rapidly enter the blood to cause systemic toxicity of waste inflammation ([@bib16]).

Evaluation of Antigen-Specific Antibodies {#sec2.3}
-----------------------------------------

The anti-MUC1 antibody titers induced by vaccine candidates were measured by enzyme-linked immunosorbent assay (ELISA) ([@bib17]), in which a low concentration (0.125 μg/mL) of biotinylated MUC1 ([Figures S39--S43](#mmc1){ref-type="supplementary-material"}) ([@bib43]) formed a complex with avidin to act as the coating antigen. As shown in [Figure 2](#fig2){ref-type="fig"}, the three-in-one protein conjugate vaccine (TLR7a-BSA-MUC1) elicited the highest IgG antibody titers against the MUC1 antigen: the titers were 500-fold higher than those of BSA-MUC1 without adjuvant, 100-fold higher than those of TLR7a-BSA and MUC1, and 15-fold higher than those of TLR7a and BSA-MUC1. Moreover, the anti-MUC1 IgG antibody titers of the three-in-one protein conjugate are also significantly higher than those of the mixed-adjuvant vaccines with the classic TLR4 agonist MPLA or TLR1/2 agonist Pam~3~CSK~4~ and slightly higher than those of the vaccine absorbed on the traditional alum adjuvant. This finding indicated that it is essential to covalently conjugate both the adjuvant TLR7a and the antigenic MUC1 glycopeptide to the carrier protein to produce the most potent vaccine, and this approach may provide the advantages of the cluster effect of the adjuvant and codelivery of the adjuvant and antigen on the carrier protein for immune cell uptake, processing, and immunomodulation ([@bib15], [@bib19], [@bib23], [@bib22], [@bib24], [@bib45], [@bib64]).Figure 2Quantification of Antigen-specific Antibodies Production via ELISAAnti-MUC1 IgG antibody titers were detected in serum samples from vaccinated mice collected on day 42. Differences were determined by ANOVA and Tukey\'s HSD test. Asterisks represent statistically significant differences (∗∗∗p \< 0.001, ∗∗p \< 0.01), and ns indicates no significant difference compared with the PBS group. Data are shown as the mean ± SEM of five mice and are representative of three separate experiments.

The titers of the anti-MUC1 IgG antibodies elicited by the three-in-one protein conjugate increased gradually following immunizations ([Figures 3](#fig3){ref-type="fig"}A and [S2--S4](#mmc1){ref-type="supplementary-material"}), whereas the IgM titers did not increase between days 28 and 42 ([Figures 3](#fig3){ref-type="fig"}B and [S5--S7](#mmc1){ref-type="supplementary-material"}). Therefore, the three-in-one protein conjugates enhanced B cell stimulation and promoted differentiation into memory B cells and plasma cells for the induction of high-affinity IgG antibodies.Figure 3Quantification of Antigen-Specific Antibodies Production via ELISAAnti-MUC1 IgG (A) and IgM (B) antibody titers in serum samples from vaccinated mice were measured on days 14, 28, and 42. Data are shown as the mean ± SEM of five mice and are representative of three separate experiments.

Evaluation of Antibody Subtypes {#sec2.4}
-------------------------------

To evaluate the immunological properties of these vaccines, an analysis of IgG subtypes was performed. As depicted in [Figures 4](#fig4){ref-type="fig"} and [S8--S15](#mmc1){ref-type="supplementary-material"}, the IgG1 subclasses of the MUC1-specific antibodies were dominant for most vaccines, such as BSA-MUC1 alone, BSA-TLR7a and MUC1, or TLR7a and BSA-MUC1. In contrast, when the three-in-one protein conjugate with covalently ligated TLR7a adjuvants was used, it induced Th1-skewed immune responses and produced approximately similar titers of IgG1, IgG2a, IgG2b, and IgG3 antibodies, and the titers of the Th1-type IgG2a antibodies were the highest. In addition, the vaccines containing the mixed adjuvants (MPLA, Pam~3~CSK~4~, or alum) and BSA-MUC1 displayed skewed Th2-type responses with high levels of IgG1 antibodies and much lower levels of IgG2a antibodies than those induced by the TLR7a-BSA-MUC1 vaccine ([Figure S9](#mmc1){ref-type="supplementary-material"}).Figure 4Quantification ofAntibody Subtypes Production via ELISAAnti-MUC1 IgG antibody subtypes were measured in serum samples from vaccinated mice collected on day 42. Differences were determined by ANOVA and Tukey\'s HSD test. Asterisks represent statistically significant differences (∗∗∗∗p \< 0.0001), and ns indicates no significant difference compared with the PBS group. Data are shown as the mean ± SEM of five mice and are representative of three separate experiments.

Previous studies indicate that this small molecule TLR7a is an effective adjuvant to induce cytokines optimal for Th1 cell immunity and antibody production ([@bib16]). Herein, the results demonstrated that the built-in adjuvant with several TLR7a molecules in the TLR7a-BSA-MUC1 conjugates greatly enhanced the efficacy of TLR7a, preferentially promoted Th1-type adaptive immunity, and implemented antibody subclass and isotype switching, which is preferred in antitumor immunotherapy.

Evaluation of Carrier-Protein-Specific Antibodies {#sec2.5}
-------------------------------------------------

On the one hand, the vaccine needs the Th and Tc epitopes from the carrier protein to promote the immune responses against the tumor-associated antigens; on the other hand, eliciting high antibody titers against the carrier protein will increase the burden of immune system. The titers of the IgG antibodies against the carrier protein BSA were also analyzed ([Figures 5](#fig5){ref-type="fig"} and [S16](#mmc1){ref-type="supplementary-material"}). For the anti-BSA IgG antibody titers, the three-in-one protein conjugate vaccine (TLR7a-BSA-MUC1) were higher than BSA-MUC1, TLR7a and BSA-MUC1, or MPLA and BSA-MUC1, but lower than TLR7a-BSA and MUC1, Pam~3~CSK~4~ and BSA-MUC1, or alum and BSA-MUC1.Figure 5Anti-BSA IgG Antibody Titers Were Detected in Serum Samples from Vaccinated Mice Collected on Day 42Differences were determined by ANOVA using Tukey\'s HSD test. Asterisks represent statistically significant differences (∗∗∗∗p \< 0.0001, ∗∗p \< 0.01, ∗p \< 0.05), and ns indicates no significant difference compared with the PBS group. Data are shown as the mean ± SEM of five mice and are representative of three separate experiments.

Compared with TLR7a-BSA and MUC1, the reduced carrier-specific antibody titers induced by the three-in-one protein conjugates were presumably attributed to the shielding effect of conjugating MUC1 and TLR7a adjuvant to the carrier BSA ([@bib13], [@bib43]).

Immunological Studies with Cancer Cells {#sec2.6}
---------------------------------------

To determine whether the serum antibodies could bind to MCF-7 cells and B16-MUC1 cells ([@bib59]), fluorescence-activated cell sorting (FACS) analysis ([Figures 6](#fig6){ref-type="fig"}A, [S17](#mmc1){ref-type="supplementary-material"}, and [S19](#mmc1){ref-type="supplementary-material"}), confocal fluorescence microscopy ([Figures 6](#fig6){ref-type="fig"}B, [S20](#mmc1){ref-type="supplementary-material"}, and [S21](#mmc1){ref-type="supplementary-material"}), and fluorescence microscopy ([Figures S23](#mmc1){ref-type="supplementary-material"} and [S24](#mmc1){ref-type="supplementary-material"}) were conducted ([@bib17]). The results showed that the antibodies induced by the TLR7a-BSA-MUC1 vaccine displayed the highest binding affinity for MCF-7 cells and B16-MUC1 cells, as shown by measuring the mean fluorescence intensity of the cancer cells, whereas relatively lower binding affinity was observed with the antibodies elicited by the BSA-MUC1, BSA-TLR7a and MUC1, or TLR7a and BSA-MUC1 vaccine. Additionally, the antibodies induced by the vaccines composed of a mixed adjuvant, such as MPLA, Pam~3~CSK~4,~ or alum, with the BSA-MUC1 conjugate exhibited lower binding affinity than those elicited by the TLR7a-BSA-MUC1 vaccine. To further investigate the antibody\'s binding ability to cell lines that do not express tumor-associated MUC1 antigens on the surface, B16-F10 cells ([@bib26]) were used as a negative control in both FACS analysis and confocal fluorescence microscopy assays ([Figures S18](#mmc1){ref-type="supplementary-material"} and [S22](#mmc1){ref-type="supplementary-material"}). We found that all serum antibodies induced by these vaccines (BSA-MUC1, TLR7a-BSA and MUC1, TLR7a and BSA-MUC1, TLR7a-BSA-MUC1) displayed very weak binding affinity for B16-F10 cells, overall there was no difference compared with the PBS group.Figure 6Binding of the Mouse Serum to MCF-7 Cells was Determined by FACS and Confocal Microscopy Analysis(A) FACS analysis of the binding of vaccinated mouse serum samples to MCF-7 cancer cells. Incubation with PBS group samples (black) served as a control.(B) Confocal fluorescence microscopy images of MCF-7 cells incubated with serum samples from vaccinated mice (magnification: 63×). The images are representative of five independent experiments. Scale bar = 25 μm.

The elicited antibodies were able to bind to MCF-7 cancer cells and may initiate lysis of the recognized cancer cells via activation of the complement-dependent cytotoxicity (CDC) of rabbit sera (RC) ([@bib9], [@bib17]). Sera or complement was diluted 50-fold to determine the cell viability of MCF-7 cells by applying a tetrazolium bromide (MTT) assay. Control groups in these trials included MCF-7 cells incubated with an inactive form of rabbit sera (RC-inactive), rabbit sera, or PBS. As shown in [Figure 7](#fig7){ref-type="fig"}A, the MUC1-specific antibodies elicited by the TLR7a-BSA-MUC1 vaccine led to lower than 40% cell viability, and these antibodies were predicted to kill the MCF-7 cells by mediating CDC activation distinctly stronger than that induced by the antibodies elicited by the vaccines composed of the noncovalently linked adjuvants or antigens.Figure 7Cell viability and Cytotoxicity Assay(A) Complement-dependent cytotoxicity of antisera from each group: the cell viability of MCF-7 cells was determined by the MTT assay.(B) Assay of cytotoxic T-lymphocyte-mediated immune responses: *in vitro* cytotoxicity of splenocytes collected from each group on day 42 to MCF-7 cells. Differences were determined by one-way ANOVA and Tukey\'s HSD test.Asterisks indicate statistically significant differences (∗∗∗∗p \< 0.0001, ∗∗p \< 0.01, ∗p \< 0.05). Data are the mean ± SD of five mice and are representative of five independent experiments.

Evaluation of the Mouse T-Cell-Mediated Response to Vaccination {#sec2.7}
---------------------------------------------------------------

We further studied whether the vaccine candidates could evoke a cytotoxic T lymphocyte (CTL) response. Splenocytes were obtained from immunized mice and incubated with MCF-7 cancer cells ([Figure 7](#fig7){ref-type="fig"}B) ([@bib53]). The splenocytes isolated from mice immunized with TLR7a and BSA-MUC1 or TLR7a-BSA-MUC1 exhibited significantly higher cytotoxicity to MCF-7 cells than those isolated from BSA-MUC1-vaccinated mice. CTLs activated by TLR7a-BSA-MUC1 displayed more efficient cytotoxicity than those activated by TLR7a and BSA-MUC1, which further suggested that the TLR7a-BSA-MUC1 conjugate could provoke stronger T-cell-mediated immunity than TLR7a and BSA-MUC1. Thus, the three-in-one protein conjugate is an applicable vaccine strategy to trigger a strong CTL immune response and simultaneously enhance immunogenicity.

Concluding Remarks {#sec2.8}
------------------

We investigated the structure-activity relationships of different constructs of anticancer vaccines with conjugated and mixed adjuvants. In this respect, this study indicated that the most potent antitumor vaccine was the three-in-one protein conjugate construct with a small-molecule TLR7 agonist as the adjuvant and tumor-associated antigen MUC1 as the B epitope covalently attached to a carrier protein containing multiple Tc and Th epitopes; this construct could not only stimulate exceptionally high IgG antibody titers but also affect the distribution of IgG subclasses toward Th1-polarized immune responses. It is essential that the TLR7 agonist be covalently coupled to the MUC1-BSA conjugate, probably due to the agonist providing a multivalent effect and subsequently facilitating codelivery to the lymph nodes to enhance the stimulation of immunity. As a result, the antibodies induced by the three-in-one vaccine bound to MCF-7 cancer cells strongly and killed the bound cancer cells through CDC activation; splenocytes from mice immunized with the three-in-one protein conjugate also lysed MCF-7 cancer cells relatively efficiently.

This three-in-one protein conjugate represents a novel anticancer vaccine strategy with a relatively simple formulation that improves immune responses, thus providing potential applications for personalized anticancer immunotherapy against tumor-associated antigens and tumor-specific neoantigens ([@bib25], [@bib34], [@bib46], [@bib50]).

Limitations of the Study {#sec2.9}
------------------------

Three-in-one protein conjugates with built-in adjuvant can facilitate the codelivery of adjuvants and antigens. However, in order to induce potent immune responses, only when the modification with linker does not notably reduce the adjuvant\'s activity, the adjuvants are applicable for this strategy. Currently we are investigating different kinds of molecular adjuvants to validate this vaccine strategy.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S49, Schemes S1--S8, and Table S1
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